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There is an emerging understanding of the impor-
tance of the vascular system within stem cell niches.
Here, we examine whether neural stem cells (NSCs)
in the adult subventricular zone (SVZ) lie close to
blood vessels, using three-dimensional whole
mounts, confocal microscopy, and automated com-
puter-based image quantification. We found that
the SVZ contains a rich plexus of blood vessels that
snake along and within neuroblast chains. Cells ex-
pressing stem cell markers, including GFAP, and
proliferation markers are closely apposed to the lam-
inin-containing extracellular matrix (ECM) surround-
ing vascular endothelial cells. Apical GFAP+ cells
are admixed within the ependymal layer and some
span between the ventricle and blood vessels, occu-
pying a specialized microenvironment. Adult SVZ
progenitor cells express the laminin receptor a6b1
integrin, and blocking this inhibits their adhesion to
endothelial cells, altering their position and prolifera-
tion in vivo, indicating that it plays a functional role in
binding SVZ stem cells within the vascular niche.
INTRODUCTION
The microenvironment, or niche, is a key regulator of stem cell
behavior in vivo (Fuchs et al., 2004). Adult neural stem cells
(NSCs) generate neurons throughout life in the murine forebrain
subventricular zone (SVZ) and the hippocampal dentate gyrus,
unique stem cell niches that instruct neurogenesis (Alvarez-
Buylla and Lim, 2004). An important goal of adult NSC studies
is to understand the nature of the adult neurogenic niche in order
to facilitate NSC self-renewal and neural cell generation in vitro
and in vivo.
Previous studies have identified the major neural cell types
and their lineal relationships in the adult SVZ: type B stem cells
give rise to type C transit-amplifying cells, which, in turn, pro-
duce the type A neuroblasts (Doetsch, 2003). Type B and C cells
form a tubular network throughwhich type A neuroblastsmigrateCell Sinto the rostral migratory stream (RMS) toward the olfactory
bulbs. These neurogenic tubes lie on the striatal wall of the lateral
ventricle, directly beneath the ependymal layer (Doetsch et al.,
1997). The neural cells are exposed to an extracellular matrix
(ECM) that is thought to trap niche growth factors; this matrix in-
cludes ‘‘fractones,’’ slender extravascularbasal laminastructures
that contain laminin (Kerever et al., 2007; Mercier et al., 2002).
Vascular cells are key elements of other stem cell niches, for
example, in the adult hippocampus (Palmer et al., 2000), the
songbird ventricular zone (Louissaint et al., 2002), the bone mar-
row (Kiel et al., 2005), the intestine, and skin (Fuchs et al., 2004).
Moreover, brain cancer stem cells have an affinity for blood ves-
sels, migrating along them during tumor spread and stimulating
their growth through VEGF secretion (Gilbertson and Rich, 2007).
The SVZ of the MRL mouse, which has enhanced regenerative
wound healing, exhibits increased proliferation associated with
blood vessels (Baker et al., 2006). However, the relationship of
normal NSCs to blood vessels in the largest adult CNS germinal
niche, the SVZ, is unknown. We have shown previously that en-
dothelial cells release soluble factors that stimulate embryonic
and adult SVZ NSC self-renewal and neurogenesis (Shen et al.,
2004). However, whether endothelial cells similarly influence
NSCs in vivo is unclear.
Here, we examine the relationship of adult SVZ NSC lineage
cells to blood vessels using confocal imaging of SVZ whole
mounts in which the normal 3D relationships of cells are
preserved. We quantified the cell-cell relationships in the niche
using computational image analysis, building on software devel-
oped for studies of the parenchymal neurovascular niche (Lin
et al., 2005). This allowed objective and quantitative description
of the spatial relationships of large numbers of specified germinal
niche elements. A quantitative description of the structure of the
normal SVZ niche is valuable, as it provides amathematical basis
to understand how the niche is unique and how it changes in
aging or pathological situations.
This analysis of the 3D tissue revealed a prominent network of
blood vessels running within the SVZ and showed that NSCs,
which express glial fibrillary acidic protein (GFAP), lie intimately
close to the vascular surface. It also revealed distinct layers of
SVZGFAP-GFP+cells; themostapical (ventricular) layer isactually
incorporated within the ependymal layer, and these cells some-
times contact both the ventricle and the vascular surface. Beneathtem Cell 3, 289–300, September 11, 2008 ª2008 Elsevier Inc. 289
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NSC-Vascular NicheFigure 1. A Dense Plexus of Blood Vessels and Associated Laminin-Positive Structures in the SVZ
(A) SVZ whole mounts were dissected from the striatal wall of the lateral ventricle (red outline). OB, olfactory bulb; RMS, rostral migratory stream; LV, lateral
ventricle.
(B) Laminin staining shows the dense network of blood vessels in the SVZ whole mount (viewed from the ventricular surface; anterior shown on left of image and
dorsal at top). (Arrows) Vessels running along the dorsal border of the SVZ. (Arrowhead) A large vessel in the ventral aspect. Scale bar, 300 mm.
(C–D) Laminin staining reveals blood vessels, laminin specks (arrowheads), and fractones (arrows) (C, a projection image of confocal Z stacks). A projection image
generated with the z axis as the turning axis (D) shows the superficial laminin specks, the SVZ vessel network parallel to the ventricular surface, and the deeper
vessel branches that delve down into the striatum. (Top) LV surface. (Bottom) Striatal side. (Arrowheads indicate laminin specks near the surface; arrows indicate
fractones). Scale bars, 25 mm.
(E) Laminin specks were frequently contacted by GFAP+ processes, as circled.
(F) N-cadherin (upper, red) or b-catenin (lower, red) show the pavemented ependymal cell layer. Some laminin specks (green) are seen in the ependymal layer.
Scale bar, 20 mm.
(G) Z stacks of confocal images of an SVZ whole mount stained for N-cadherin (red) and laminin (green) viewed from the z axis. (Left) Ventricular surface. (Right)
The striatal side. (Arrow) Note a section of vessel immediately beneath the ependymal layer. Scale bar, 10 mm.this is a layer of tangential GFAP+ cells with long processes ori-
ented along neuroblast chains and sometimes along coaligned
blood vessels. Moreover, we found that adult NSCs express the
laminin receptora6b1 integrin (VLA6),which is lostas theydifferen-
tiate, and we demonstrate that this receptor plays a critical role in
NSC adhesion to vascular cells and in regulating the SVZ lineage
proliferation in vivo. Given the presence of blood vessels in other
stem cell niches and the prevalence of a6 integrin expression on
other stem cell types (Fortunel et al., 2003), it is possible that this
molecular interaction may prove to be generally significant.
This study provides a new perspective of the vascularization of
the SVZ and the importance of blood vessels to the SVZ niche.
RESULTS
The Adult Mouse SVZ Contains a Dense Network
of Blood Vessels
Prior studies of transverse sections revealed blood vessels in the
adult SVZ (Baker et al., 2006; Mercier et al., 2002). To see an290 Cell Stem Cell 3, 289–300, September 11, 2008 ª2008 Elsevieroverview of vascularization, we examined SVZ whole mounts
(Figure 1A). The central SVZ has large blood vessels originating
from the ventral aspect (Figure 1B, arrowhead), as described
previously (Dorr et al., 2007). The dorsal SVZ, which flows into
the RMS, has a network of small vessels (Figure 1B, arrows)
that run mainly in the anterior-posterior direction. Because of
the high density of blood vessels in the dorsal aspect, we
focused our studies there.
3D confocal laser scanning of an SVZ whole mount stained for
laminin revealed a superficial layer of laminin specks, 1 mm in
diameter (Figures 1C and 1D, arrowheads), often associated
with the tips of GFAP+ processes (Figure 1E). These specks
were positive for laminin a5 and b1 chains (data not shown),
which are components of laminin 10, an isoform primarily ex-
pressed in endothelial cells in the adult (Hallmann et al., 2005),
and positive for nidogen (data not shown), suggesting that they
are part of the endothelial basal lamina. Beneath this layer is
a dense network of vessels running parallel to the ventricular sur-
face that has frequent perpendicular branches delving down intoInc.
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NSC-Vascular Nichethe striatal tissue. Laminin-positive fractones were visible as
elongated, slender structures sprouting from blood vessels,
some reaching 100 mm in length (Figures 1C and 1D, arrows).
We then examined how close the vessels were to the ventricular
surface, using the ependymal layer as a reference point.
Ependymal cells are present in the most superficial cell layer
lining the ventricle. Their pavemented pattern was seen in whole
mounts after staining for b-catenin, N-cadherin (Figure 1F), or vi-
mentin (Figure S1A available online), and we confirmed that they
are multiciliate by staining for acetylated a-tubulin (Figure S1B).
We found that the SVZ blood vessel plexus was generally very
superficial, typically just 10–20 mm beneath the ependymal layer
(Figure 1G), with the closest vessels being just 4.06 ± 0.50 mm
(n = 13 images from four mice) from the nearest ependymal
cell nucleus.
Three Layers of SVZ Type B Cells: Apical, Tangential,
and Deep
SVZ stem cells are a subpopulation of the type B cells, which ex-
press the astrocyte marker GFAP (Doetsch et al., 1999a and
1999b). These cells can be visualized by GFP-driven expression
from the GFAP promoter (Zhuo et al., 1997) as the GFP fills the
cytoplasm. Here, we examined their appearance in SVZ whole
mounts using confocal imaging, which provides a unique per-
spective. We discovered three distinct layers of GFAP+ cells
(Movie S1).
A subpopulation of GFAP+ type B cells found at the apical
edge (closest to the ventricle) of the SVZ has been reported to
occasionally send a process through the ependymal layer to
contact the ventricle, which might indicate an activated stem
cell (Conover et al., 2000; Doetsch et al., 1999b). In the aged
mouse, some astrocytes lie within the ependymal layer where
they aid in tissue repair (Luo et al., 2008). Here, we found that
the apical GFAP-GFP+ cells closest to the ventricle frequently
penetrate the ependymal layer, outlining the pavement pattern
of ependymal cells (Figures 2A–2C). Moreover, the GFP+ pro-
cess often includes a portion of the cell nucleus (Figure 2B), in
which case the type B cell is actually intercalated into the epen-
dymal layer. Thus, in the adult mouse SVZ, which is not aged and
has a normal level of regeneration, numerous apical type B cells
aremixedwith ependymal cells in themost superficial ventricular
layer.
Beneath the ventricular layer is a population of GFAP-GFP+
cells with one or more long processes running parallel to the sur-
face. These cells, which we call tangential type B cells, resemble
radial glia or translocating astrocytes in the embryonic forebrain
(Jacobson, 1991). In the dorsal SVZ, the tangential processes
run anterior-posterior in the direction of neuroblast migration
(Figures 2D and 2E).
Deeper, a third type of GFAP-GFP+ cell was observed with
a small soma and numerous processes, typical of mature astro-
cytes (Figure 2F). These cells are probably differentiated astro-
cytes near the striatal parenchyma.
Cells with Stem Cell Markers Lie Close
to the Vasculature
We next examined the relationship of cells with NSC character-
istics to the vasculature. SVZ whole mounts from GFAP-GFP
mice were stained for ependymal markers, laminin, the nuclearCellmarker DAPI, and, in some cases, the surface marker LeX, which
labels the neurosphere-generating cells in the adult SVZ, type B,
and type C cells (Capela and Temple, 2002).
Apical type B cells are intercalated between ependymal cells
in the ventricular layer and also form loose sheets of cells directly
beneath, which can be numerous around blood vessels (Figures
2C and 2G). Some contact both the ventricle and a blood vessel
beneath (Figures 2H and 2I); these cells are in a unique microen-
vironment, with access to cerebrospinal fluid/ependymal factors
at one end and blood/vascular endothelial factors at the other.
The tangential SVZ astrocytes often have somas on blood ves-
sels and long processes running between or along the SVZ ves-
sels (Figure 2J). The process-bearing, differentiated astrocytes
deeper in the whole mount contact or wrap blood vessels with
their processes but have distant somas (Figures 2K and 2L),
typical of parenchymal astrocytes (Simard et al., 2003).
To quantify the relationship of SVZ astrocytes to blood ves-
sels, we examined 20 randomly chosen images from four mice
in detail. The components of each image were segmented to de-
fine each essential cellular element: the nuclei, the vessels, and
the processes. The nuclei were defined by cell-type-specific
markers, and the distance of each identified nucleus from the
nearest blood vessel surface was calculated (see Supplemental
Data). An example of processing and quantification is shown in
Figure 3 with a 3D rendering. We found that cells that were dou-
ble labeled with the progenitor markers LeX and GFAP lie signif-
icantly closer to the vasculature than other cell populations in the
SVZ; 69.23% of LeX+GFAP+ cells lie within 5 mm versus only
26.3% of the cells lacking both markers (total 3806 cells, Krus-
kal-Wallis test, p < 0.0001).
Stem cells in the adult SVZ are thought to be slowly dividing
and have been identified histologically as label-retaining cells
(LRCs) by BrdU labeling regimes (Johansson et al., 1999). To de-
termine whether LRCs lie close to blood vessels, we injected
adult mice with 50 mg/kg BrdU daily for 5 days to label even
slowly dividing cells, followed by a 24 day chase. The chase pe-
riod allowed incorporated BrdU to be diluted in rapidly dividing
cells and differentiated neural cells with label to migrate out of
the SVZ. Cells remaining within the SVZ that retain BrdU are
LRCs. We imaged the LRCs in relation to the laminin-stained
vasculature and quantified 13 images from four SVZ whole
mounts (74 LRCs). 40.54% of the LRCs were within 5 mm, and
55.5% were within 10 mm of the nearest blood vessel sur-
face—in some cases, within pockets formed by vessels
(Figure 4A, arrows). The average distance of LRCs to blood ves-
sels is significantly closer than non-LRCs (10.21 mmversus 23.84
mm; 1320 cells, Mann-Whitney test, p < 0.0001). A similar close
association was found for the subpopulation of GFAP-express-
ing LRCs (Tavazoie et al., 2008 [this issue of Cell Stem Cell]). In
contrast, only 25.30% of the total GFAP-GFP+ cells had somas
within 5 mmof the blood vessel surface (Figure 4C), reflecting the
fact that many ependymal layer-associated apical GFAP-GFP+
cells are not in direct contact with blood vessels. Hence, cells
with the proliferative phenotype attributed to SVZ stem cells
are found in close apposition to blood vessels.
Neurogenesis Is Associated with SVZ Blood Vessels
Slowly dividing type B SVZ stem cells produce rapidly dividing
transit-amplifying type C cells, which express Olig2, Dlx2,Stem Cell 3, 289–300, September 11, 2008 ª2008 Elsevier Inc. 291
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NSC-Vascular NicheFigure 2. Three Layers of Distinct Types of
GFAP-GFP Cells in the SVZ and Their Appo-
sition to Blood Vessels
(A–B) Apical type B cells are intercalated into the
ependymal layer. (A) A single confocal scan of
the SVZ whole mount from a GFAP-GFP mouse
brain stained for N-cadherin (red) and GFP (green).
(B) The same image shown in (A) with DAPI stain-
ing (blue) to show the inclusion of the nuclei of
GFAP-GFP+ cells in the ependymal layer (three
examples indicated by arrows). Scale bar, 20 mm.
(C–F) Imaging GFAP-GFP+ cells from the ventric-
ular surface toward the striatum; single Z stack im-
ages at 5 mm (C), 10 mm (D), and 20 mm (F) from the
ependymal layer. (C) Apical GFAP-GFP+ cells
have a neuroepithelial-like morphology and form
a layer mixed within and just beneath the ependy-
mal layer. (D) TangentialGFAP-GFP+ cellswith one
or two long processes (stained for GFAP, red) are
prevalent immediately beneath the apical layer;
the aligned processes run anterior-posterior in the
direction of neuroblast migration (stained for PSA-
NCAM, green in [E]). (F) Near the striatal border,
GFAP-GFP cells are typical of more mature astro-
cytes with multiple processes. Scale bar, 50 mm.
(G–L) GFAP-GFP+ cells and processes are closely
apposed to blood vessels.
(G) Numerous epithelial-like GFAP-GFP+ cells
(green) wrap around blood vessels (laminin, red).
Many GFAP-GFP+ cell somas sit on the vessel
walls.
(H) Orthogonal sections of a confocal image show-
ing an apical GFAP-GFP+ cell intercalated into the
ependymal layer and contacting a blood vessel.
The GFAP-GFP SVZ whole mount was stained
for GFP (green), N-cadherin (red), laminin (pseudo-
colored white), and DAPI (blue).
(I) A projection image of Z stacks (viewed from the
z axis) of a GFAP-GFP SVZ whole mount stained
for GFP (green), N-cadherin (red), and laminin
(blue) shows a layer of GFP+ cells between the
ependymal layer and the SVZ blood vessels.
(Arrows) Note that some GFP+ cells contact both
the ventricle surface and the vessels.
(J) Tangential SVZ astrocytes have long processes
running along or between the blood vessels
(GFAP, green; laminin, red).
(K) Deep GFAP-GFP+ cells are close to vessels with frequent endfeet touching blood vessels. Arrows indicate a cell with its soma on a vessel and its process
touching another branch.
(L) Deep astrocytic processes (GFAP, green) wrap around large vessels (laminin, red).Mash1, and LeX (Capela and Temple, 2002; Doetsch et al., 2002;
Menn et al., 2006; Parras et al., 2004). These, in turn, generate
type A neuroblasts that express PSA-NCAM and continue to
divide while migrating in the RMS toward the olfactory bulbs.
We examined the relationship of these proliferative components
of the SVZ lineage to the vasculature.
Numerous SVZ cells were labeled with the proliferative marker
Ki67, and the more brightly stained cells were observed close to
vessels (Figure 4D). Strikingly, phosphohistone H3 (pH3)+ cells
were intimately adjacent to blood vessels (average distance be-
tween nucleus and vessel surface, 5.43 ± 1.45 mm, n = 4 images)
(Figures 4E and 4H), and 82% were within 10 mm of the vessel
surface. This suggests that most SVZ cells undergo mitosis
near blood vessel walls. In contrast to the hippocampal dentate
gyrus or songbird ventricular zone where endothelial cells prolif-292 Cell Stem Cell 3, 289–300, September 11, 2008 ª2008 Elseviererate (Louissaint et al., 2002; Palmer et al., 2000), we did not
observe Ki67+CD31+ endothelial cells in the SVZ.
We then examined the location of the transit-amplifying type
C cells relative to SVZ blood vessels and found that, in general,
their somas were very close to the vessel surface. 43.55% of
LeX+GFAP cells, characteristic of type C cells, had nuclei
within 5 mm of the vessel surface (Figures 3F and 3G). Mash1+
cells, also putative type C cells, were frequent directly beneath
the apical type B layer, and Mash1+ cell clusters were often
near blood vessels, with a similar proportion, 44.05%, being
within 5 mm and 67.40% within 10 mm (Figures 4H and S2A, total
227 Mash1+ cells). In contrast, Olig2+ cells were distributed
evenly throughout the SVZ rather than being clustered, and
those found in deeper parts of thewholemount are probablyma-
ture oligodendrocytes (Figure S2B). Reflecting this distribution,Inc.
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NSC-Vascular Nichejust 26.51%of Olig2+ nuclei were within 5 mm (Figure 4H). Mash1
and Olig2 staining in the SVZ did not always overlap, suggesting
that they label different subpopulations of type C cells
(Figure 4F). PSA-NCAM+ cells were observed close to Mash1+
type C cells, consistent with their lineal relationship (Figure 4G).
Quantification of SVZ progenitor cell nuclei distance to the near-
est vessel shows their close association to the SVZ vasculature,
in contrast to N-cadherin-positive ependymal cells, most of
which (as expected) do not show a close association to the
vasculature (Figure 4H).
Type A neuroblasts are typically organized into chains of cells
migrating toward the olfactory bulbs (Doetsch and Alvarez-
Buylla, 1996; Lois et al., 1996). By costaining for the type A
marker PSA-NCAM and laminin, we observed that the chains
had blood vessels running along and within them in the direction
ofmigration toward the RMS (Figures 5A–5D andmontage in 5E),
seen commonly in the dorsal SVZ and less frequently in the cen-
tral SVZ. Thus, the neuroblast chains in the dorsal SVZ have an
intimately associated vasculature that is likely providing growth
factors to this highly active cell population. Consistent with
this, there is a notably higher SVZ cell density close to blood
vessels: more than 50% of total SVZ cell nuclei are situated
within 20 mm of blood vessel surfaces (Figure 5F).
a6b1 Integrin on Adult NSCs Regulates Endothelial
Binding
We asked what molecules might hold SVZ NSCs in the vascular
niche. Laminin is expressed largely by vascular cells in the SVZ
and is highly abundant and localized around blood vessels.
Given this, we examined whether adult SVZ NSCs express the
laminin receptor a6b1 integrin. The GoH3 antibody that recog-
nizes the a chain of a6b1 integrin colabeled with most laminin-
positive elements in the SVZ and also labeled a subpopulation
of SVZ cells lying near vascular cells (Figure 6A). a6b1 integrin
was expressed by cultured SVZ neurospheres, frequently by
LeX+ cells (Figure 6B). LeX+ cells in acutely isolated, dissociated
SVZ populations expressed a6 integrin, while the more differen-
tiated PSA-NCAM+ cells were largely negative or expressed
significantly lower levels (Figure 6C). In 3 day clonal SVZ cell cul-
tures, a6 integrin was strongly expressed by LeX+GFAP+ cells
(Figure 6D). Hence, the subpopulation of cells that is found clos-
est to blood vessels in vivo expresses high levels of this laminin
receptor, while neuroblasts, which are more distant from the
surface of blood vessels, express lower levels.
To test whether a6b1 integrin was important for SVZ NSCs to
bind to endothelial cells, we plated SVZ neurospheres on top of
an 80% confluent endothelial cell monolayer. These attached
and spread in control antibody conditions (Figure 6), but, after
1 hr incubation with the GoH3 antibody, which blocks a6b1 in-
tegrin binding to laminin, 42.0% of neurospheres did not attach
well and could be washed away after medium replacement.
Most of those that attached did not spread as fully as those in
control conditions (Figure 6E). Similarly, freshly dissociated
LeX+ adult SVZ cells were largely washed off of the endothelial
layer after preincubation with the GoH3 antibody (Figure 6F;
1.3% ± 0.03% of the cells remaining attached were LeX+, com-
pared to 25.0% ± 0.02% in the control antibody-treated group;
ANOVA, Bonferroni test, p = 0.0012). A b1 integrin-blocking an-
tibody or laminin-binding blocking peptide (Hunter et al., 1989)Cellalso impaired the ability of adult SVZ cells to bind and spread
on vascular endothelial cell cultures (Figures 6E and S3). Thus,
SVZ NSCs express a key receptor that enables them to bind to
the laminin-rich blood vessel surface and ECM.
Prior studies have shown that a6 integrin plays a role in guiding
neuroblast migration in the RMS (Emsley and Hagg, 2003), but
there are no reports examining its role in stem cell maintenance
in the niche. To address this in vivo, a6 integrin-blocking anti-
body (GoH3) was infused via minipumps into the lateral ventricle
of adult mice. After 6 days of infusion, we gave an injection of
EdU to label dividing progenitor cells 1 hr before sacrifice and
then examined the position of SVZ progenitor cells in relation
to the vasculature. Progenitor cells treated with GoH3 had
moved away from the vascular surface a significant amount,
with the proportion of EdU+ cells more than 10 mm away from
the surface increasing by 48.6%compared to control, consistent
with the cells being released from close adhesion to the vessel
surfaces (Figures 6G and 6H). Moreover, we found that the
proliferation of SVZ lineage cells increased 33.6% after GoH3
treatment, indicating that the vascular niche is important for reg-
ulating proliferation of the closely apposed SVZ progenitor
cells, including the slowly dividing type B population.
DISCUSSION
Automated 3D analysis of confocal images derived from SVZ
whole mounts has provided an extensive, quantitative descrip-
tion of the elements of the adult stem cell niche. The 3D view-
point revealed important information about the structure of the
adult SVZ, the arrangement of its constituent cells, and their
relationship to the vasculature and the ventricle, which we had
not obtained from prior studies based on inspection of tissue
sections. It would be valuable to confirm these findings in future
studies and add ultrastructural information using serial re-
construction of EM sections. We have shown that there is
a rich vascular plexus running within the striatal SVZ parallel to
the ventricular surface. Cells with features of stem cells directly
contact these blood vessels, and proliferating cells in the SVZ
lineage are also closely apposed. When the interaction between
SVZ progenitor cells and blood vessels was disturbed using an
a6 integrin-blocking antibody, proliferation was affected. Thus,
SVZ blood vessels promote the development of the adult NSC
lineage and are functionally important elements of the normal
adult SVZ stem cell niche.
SVZ Stem Cells Lie in a Vascular-Derived Laminin-Rich
Niche
Our data show that a subpopulation of type B and C cells resides
close (within 5 mm) to the nearest blood vessel surface. We con-
sidered whether SVZ progenitor cells were found next to blood
vessels, because these provided a survival signal so that stem
cells excluded from this location would die. However, staining
adult SVZ whole mounts for markers of apoptosis revealed
almost negligible cell death, using either TUNEL or caspase 3
immunostaining (data not shown), indicating that the association
is via niche adhesionmechanisms, rather than survival selection.
Considering that endothelial cells are the greatest source of
laminin in the SVZ, one simple model for NSC-vascular niche
adhesion is via binding to laminin. a6b1 integrin is a lamininStem Cell 3, 289–300, September 11, 2008 ª2008 Elsevier Inc. 293
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common element of a variety of ‘‘stemness’’ signatures on em-
bryonic stem cells, embryonic NSCs, and hematopoietic stem
cells (Fortunel et al., 2003) and is expressed by other stem cell
types, such as epidermis, prostate, and mammary (Lawson
et al., 2007; Li et al., 1998; Stingl et al., 2006). We show here
that adult SVZ NSCs express a6b1 integrin and that blocking
this significantly impairs their ability to bind and spread on vas-
cular endothelial cell cultures. Furthermore, blocking a6b1
in vivo caused SVZ progenitor cells to move away from the vas-
cular surface. These findings support our hypothesis that a6b1
integrin-laminin interactions are critical to hold NSCs in a vascu-
lar niche and that this interaction has functional consequences
on lineage regulation, similar to integrin-dependent cell anchor-
ing in invertebrate stem cell niches (Tanentzapf et al., 2007). The
fact that the PSA-NCAM+ type A cells express no or low levels of
a6 integrin suggests that modulation of the integrin-laminin inter-
action enables more differentiated SVZ cells to leave the imme-
diate vascular niche. Given that other types of stem cells reside
close to blood vessels and the expression of a6b1 by diverse
stem cell types, this may prove to be a common mechanism
for stem cells to bind to the vascular niche.
Besides its adhesion function, the blood vessel ECM can trap
growth factors such as fibroblast growth factor that impact NSC
function (Kerever et al., 2007). Thus, the laminin specks, frac-
tones, and blood vessel surfaces are likely to be a source of reg-
ulatory growth factors that play a functional role in controlling
SVZ lineage progression.
SVZ Neurogenesis Occurs around Blood Vessels
Endothelial cells from a variety of sources, including bovine
pulmonary artery and a mouse brain cell line, release factors
that stimulate NSC self-renewal and neurogenesis in vitro
(Shen et al., 2004). A close association of proliferating cells
with the vasculature was seen in the SVZ of MRL mice (Baker
et al., 2006) and in forebrain cancer stem cells (Gilbertson and
Rich, 2007). Here, we found that normal SVZ cells in vivo tend
to proliferate adjacent to blood vessels. Disruption of a6 integrin
function in vivo causes SVZ progenitor cells to move away from
blood vessels and unexpectedly stimulates proliferation. This
suggests that a6 integrin signaling in neural-vascular interactions
is complex and may have multiple effects on SVZ progenitors
depending on their stage of development. The fact that both
type B and C cells are close to vessels suggests that direct con-
tact with blood vessels may help maintain stem cell properties
and regulate the proliferative state of type B and C cells. One ex-
planation for the increase in proliferation that we observe after
anti-a6 antibody treatment is that homeostatic control of stemCell Scell activity due to contact with vessels is perturbed when SVZ
cells lose direct contact but progenitors are still in range of diffus-
ible signals from vessels that stimulate proliferation.
In the dorsal SVZ, the neuroblast chains appear built around
blood vessels that run with them in the orientation of migration,
and an interesting question is whether the vessels guide con-
struction of the chains and their orientation toward the olfactory
bulbs and help stimulate neuroblast migration, which is plausible
given the commonalities between molecular mechanisms of cell
guidance in these two systems (Weinstein, 2005). The type A
cells, even at a distance from the vessels, might well be influ-
enced by blood-born factors derived from blood vessels (Tava-
zoie et al., 2008 [this issue of Cell Stem Cell]) or by secreted mol-
ecules diffusing fromvascular-associated cells that could impact
their migration. It is also possible that the tangential type B cells
that we observedwith elongated processes oriented in the direc-
tion of migration (Figure 2) might also play a role in this process,
analogous to the role of radial glia in the embryonic brain along
with the established mechanism of neuroblast chain migration,
which occurs independently of glial guidance (Doetsch and
Alvarez-Buylla, 1996; Lois et al., 1996; Wichterle et al., 1997).
Apical Type B Cells Lie within the Ependymal Layer
Wewere surprised to find, by visualizing GFAP-GFP-filled cells in
SVZ whole mount preparations, that apical type B cells fre-
quently penetrate the ependymal layer. Importantly, the apical
processes, often containing visible nuclei, are squeezed be-
tween the ependymal cells to contact the ventricle. This means
that the ventricular surface is an admixture of ependymal cells
and apical type B cells, more similar to the embryonic germinal
zone, with primary progenitors touching the ventricular space.
Apical type B cells also formed loose sheets of cells just under
the ependymal layer (Figure 2), where their flattened morphology
is reminiscent of primitive neuroepithelial progenitor cells in en-
dothelial coculture (Shen et al., 2004). Some apical type B cells
have nuclei close to the surface and others deeper in the SVZ.
This raises the intriguing possibility of nuclear translocation re-
lated to the cell cycle, as occurs in the embryonic forebrain
and the adult bird brain (Alvarez-Buylla et al., 1998; Jacobson,
1991), perhaps with M phase next to blood vessels, explaining
the preponderance of pH3+ nuclei adjacent to blood vessels.
Previous studies have suggested that the GFAP-expressing
type B cells that lie close to ependymal cells include the SVZ
stem cell population. We now find that some of these cells
span between the ventricle and the SVZ blood vessels and are,
therefore, in a unique position to receive signals from both
sources. As even large molecules can penetrate through the
ependymal layer, which do not have tight junctions in the adultFigure 3. GFAP+ and LeX+ Cells Near Vessel Walls in 3D Images of SVZ Whole Mounts
(A) Four-channel confocal image of SVZ whole mount stained for DAPI (blue), GFAP (green), laminin (aqua), and LeX (red).
(B) Results of automated delineation of cell nuclei in the DAPI channel and automated cell classification indicated by color labels of nuclei (green, LeX+; yellow,
GFAP+; purple, GFAP+ and LeX+; gray, all other nuclei [negative].)
(C) Automated vessel tracing computed on the laminin channel (vessel center lines are displayed in red and surfaces in blue).
(D) (Green) Automated tracing of astrocyte processes.
(E) Illustration of the method for computing distances of nuclear centroids to the nearest vessel segment.
(F) Histogram of pooled validated data from six images showing the distances of cells that were double LeX+GFAP+ or Lex+GFAP to vasculature as compared
to negative cells.
(G) A 3D rendering of the segmentation and classification results. The cell nuclei are colored as in (B), vessel surfaces in red, astrocyte processes in blue, and
laminin specks brown. (Labels A–E indicate cells that are negative, GFAP+, LeX+, GFAP+LeX+, and endothelial).tem Cell 3, 289–300, September 11, 2008 ª2008 Elsevier Inc. 295
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NSC-Vascular NicheFigure 4. Neurogenesis Occurs around the Vessel Network in the Adult SVZ
(A–C) Adult mice were given five daily BrdU injections and then a 24 day chase to reveal LRCs.
(A) A confocal image of the SVZ showing BrdU LRC (red) proximity to blood vessel (laminin-positive, green); some BrdU+ cells are in a niche formed by a knot of
vessels (arrows).
(B) An orthogonal section of confocal Z stacks. (Arrow) A BrdU-retaining cell (red) that is positive for GFAP-GFP. 25.0% of LRCs were found to be GFAP-GFP+
after GFP staining, similar to the 38% observed using a 6 week chase period (Tavazoie et al., 2008). The identity of GFAP-ve LRCs remains to be determined.
(C) Histogram of distance of LRCs and GFAP-GFP cells to vessels (data from 13 images derived from four SVZ whole mounts).
(D) A low-power image of an SVZ whole mount stained for the cell proliferation marker Ki67 (red) and laminin (green). Ki67+ cells are frequently aligned next to
blood vessels (arrow indicates the area shown inset in a higher magnification confocal image).
(E) A montage of single Z sections of confocal images of a GFAP-GFP SVZ whole mount stained for pH3+ cells (red), laminin (pseudocolored white), and DAPI
(blue). PH3+ cells are adjacent to the vessels. (Arrow and inset) Note one positive cell next to a laminin-positive fractone.
(F) Double labeling of Mash1 (red) and Olig2 (green).
(G) Mash1+ cells (red) are near their lineal progeny PSA-NCAM+ type A cells.
(H) A histogram of the distance to vessels of cells that are pH3+,Mash1+, Olig2+, andN-cadherin-positive. Most pH3+ cells are within 10 mmof the nearest vessel;
Mash1+ cells are similarly close, while Olig2+ cells are more widely distributed around the vessels. The distances of N-cadherin-positive ependymal cells were
plotted as a reference and range from 5 to 100 mm. Data were pooled from five randomly chosen images.296 Cell Stem Cell 3, 289–300, September 11, 2008 ª2008 Elsevier Inc.
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NSC-Vascular NicheFigure 5. Neuroblasts Migrate in a Chain along Blood Vessels
(A–D) Low-power image of SVZ whole mount stained for PSA-NCAM (red) and laminin (green); anterior shown on left of image and dorsal at top. High-magnifi-
cation images of boxed areas are shown in (B)–(D). Chains of migrating PSA-NCAM+ neuroblasts are aligned along blood vessels in the anterior dorsal region (B)
and the posterior region (C), and some occur in the central SVZ (D).
(E) A montage of confocal images showing 1 mm of the dorsal region of an SVZ whole mount derived from a GFAP-GFP brain stained for PSA-NCAM (red),
laminin (cyan), and DAPI (blue). A vessel complex travels along and within the neuroblast chain.
(F) Histogram showing the relationship between SVZ cell distribution and blood vessels. More than 50% of cells are within 20 mm of blood vessels. Data
represents mean ± SEM from three SVZ whole mounts (three to five images per whole mount).(Brightman, 1965), and given that blood-derived signals can
enter the SVZ as shown in the accompanying paper (Tavazoie
et al., 2008), our findings together indicate two important routes
for soluble factors to impact the SVZ stem cell lineage.
The Germinal Vasculature Is Maintained throughout
Forebrain Development
The arrangement of adult SVZ lineage cells to the SVZ vascular
plexus revealed in this study bears remarkable similarity to the
cellular arrangement of embryonic forebrain germinal zones (Fig-
ure 7).We suggest that this conserved arrangement of a germinal
vascular plexus plays a critical role in maintaining the NSC line-
age at all stages by providing an ECM-rich niche regulating the
spatial arrangement of the cells, as well as growth factors andCell Snutrients to stimulate proliferation, differentiation, and migration.
It will be important to determine whether the germinal zone blood
vessel cells express uniquemolecules that distinguish them from
other blood vessels in the CNS, accounting for some of the
unique properties of the neurogenic niche.
EXPERIMENTAL PROCEDURES
SVZ Whole-Mount Dissection and Staining
SVZ whole mounts of striatal lateral wall were dissected (Lois and Alvarez-
Buylla, 1993) from 2- to 3-month-old Swiss-Webster mice (Taconic) or hetero-
zygous GFAP-GFP transgenic mice (FVB/N-Tg(GFAPGFP)14Mes/J, Jackson
Laboratory) using heterozygous mice because of their high correspondence
between GFP expression and GFAP immunostaining (Tavazoie et al., 2008).
Briefly, a 2–4 mm strip of SVZ tissue covering the striatum was dissectedtem Cell 3, 289–300, September 11, 2008 ª2008 Elsevier Inc. 297
Cell Stem Cell
NSC-Vascular NicheFigure 6. a6b1 Integrin Is Expressed in Adult SVZ Cells and Required for SVZ Cells to Adhere to Endothelial Cells
(A–D) a6 and b1 integrin expression in the SVZ and NSCs. (A) An SVZ whole mount stained for a6 integrin (red) and laminin (green). a6 integrin staining is seen on
laminin specks and blood vessels, as well as on SVZ cells. (B) a6 and b1 integrins detected in SVZ neurospheres and on LeX+ progenitor cells (green); DAPI in
merged images. Arrows point to a dividing cell double-positive for a6 integrin and LeX. (C) Acutely fixed single SVZ cells show strong a6 integrin expression in
a subpopulation of LeX+ cells but weak or no staining in PSA-NCAM+ neuroblasts. (D) A 3 day SVZ clonal culture; the a6 integrin-positive cells are LeX+GFAP+.
(E) After treatment with blocking antibodies to a6 or b1 integrin, SVZ neurospheres derived from adult GFP mice spread poorly on endothelial cells.
(F) Blocking with anti-a6 integrin antibody (GoH3) or laminin-binding inhibitor peptide inhibits adhesion to endothelial monolayers. Data are mean ± SEM (n = two
experiments; ANOVA, Bonferroni test, *p < 0.005).
(G) Significantly increased proliferation (EdU-incorporated cells) in the dorsal SVZ after 6 day in vivo infusion of anti-a6 integrin. Data are mean ± SEM (n = 3 SVZ
whole mounts; *p < 0.05, t test).
(H) S phase cells are significantly further from blood vessel surfaces after 6 day in vivo infusion of GoH3 antibody (Mann-Whitney test, p < 0.001, n = 234 cells for
GoH3, n = 246 cells for control group).from under the corpus callosum to the ventral tip of the lateral ventricle.
The SVZ whole mounts were fixed in cold 4% paraformaldehyde in 0.1 M
PBS for 30 min, washed with PBS, blocked with 10%NGS in PBS/0.3% Triton
X-100 for 30 min at RT, and then incubated with primary antibodies diluted
in blocking buffer for 12–48 hrs at 4C. Tissues were washed 33 in PBS/298 Cell Stem Cell 3, 289–300, September 11, 2008 ª2008 Elsevier I0.3% Triton 15 min on a rocker and incubated with appropriate secondary
antibodies at RT for 2 hr. After washing, DAPI was added, and the whole
mounts were transferred to a glass slide and coverslipped with a 100 mm
adhesive spacer in Prolong Gold antifade reagent (Invitrogen) for confocal
imaging.nc.
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NSC-Vascular NicheFigure 7. Summary Model Comparing the Vascularization of Adult and Embryonic Germinal Zones
In the embryo, an apical layer of stem cells produces an actively proliferating SVZ that generates neurons that migrate toward the pia guided by radial glia.
Coincident with neurogenesis, the vasculature grows from the pial surface toward the germinal cells, a source of VEGF (Breier et al., 1992), and forms a plexus
at the germinal zones parallel to the ventricular surface (Shen et al., 2004; Strong, 1964).
The adult SVZ has an essentially similar structure: apical type B cells, believed to include the SVZ stem cells, are intercalated into the ependymal layer and directly
contact the ventricle. Just subjacent is an SVZ of active proliferation, differentiation, and migration, including Mash1+ and Olig2+ type C progenitors,
PSA-NCAM+ type A neuroblasts, and tangential type B cells. The adult germinal zone is intimately associated with an SVZ vascular plexus.Antibodies used: LeX, mouse IgM, 1:10 (ATCC #HB78); GFAP, rabbit IgG,
1:1000 (Dako) or mouse IgG, 1:500 (Millipore); PSA-NCAM, mouse IgM,
1:800 (Millipore); laminin, rabbit IgG, 1:1000 (Sigma) or chicken IgY, 1:500
(Abcam); laminin a5 chain specific antibody, rabbit IgG, 1:500 (a gift from
Dr. Jeffery Miner); laminin b1, rat IgG, 1:50 (Millipore); b-catenin and N-cad-
herin, mouse IgG1, 1:200 (BD); Olig2, rabbit IgG 1:40000 (Dr. Charles Stiles);
Mash1, mouse IgG, 1:2 (Dr. David Anderson); Alex488-GFP, rabbit IgG,
1:1000 (Invitrogen); phosphohistone H3, rabbit IgG, 1:1000 (Upstate); BrdU,
mouse IgG, 1:100 (BD); Ki67, rabbit IgG, 1:500 (Lab Vision); a6 integrin, rat
IgG, 1:50 and b1 integrin, rat IgG, 1:25 (Millipore).
Primary antibodies were visualized using Alexa-conjugated (Invitrogen) and
Cy5-conjugated (Jackson Laboratory) secondary antibodies.
BrdU-LRC Assay
BrdU (Sigma) (10mg/ml solution) was injecteddaily intraperitoneally (50mg/kg)
into GFAP-GFP mice for 5 days. Mice were sacrificed 24 days after the last in-
jection. SVZwholemountswere treatedwith 0.5N or 2NHCl at 37C for 30min
before staining. GFAP-GFP cells were revealed with an antibody to GFP.
Image Acquisition and Quantification
The SVZ whole mounts were imaged with an inverted Zeiss LSM 510Meta-
NLO confocal laser scanning microscope and images acquired using Zeiss
LSM510 software. Areas for image selection were picked at random from
the SVZ after general inspection of the whole mount for tissue integrity and
staining quality. For some experiments, we randomly selected areas from
the dorsal or the central aspect of the whole mount. Three single photon lasers
(Argon, HeNe 543, HeNe 633) were used to visualize Alexa 488, Alexa 546, or
Alexa 568 and Alexa 647 or Cy5, respectively. A two-photon Chameleon laser
was tuned at 740 nm for viewing DAPI. The SVZ whole mounts were scanned
from the ventricular surface to the striatal side. Z stacks (0.5 mm or 1 mm) were
collected using 403 or 633 objectives and processed using the Zeiss soft-
ware. The image quantification method is detailed in the Supplemental Data.
Integrin-Blocking Coculture Assays
Endothelial cells (BPAE orMbEND, ATCC)maintained according to ATCC pro-
tocols were grown in 24-well plates in DMEM plus 10% FBS to 80% conflu-
ence. Medium was changed to serum-free DMEMNSCmedium 2 days before
coculture. Freshly isolated SVZ cells or 7 day SVZ neurospheres from GFP
mice were preincubated with GoH3-blocking antibody 1:50 (Beckman Coul-
ter), b1 integrin-blocking antibody (BD), or IgG control antibody (BD). To
assess adhesion, 1 hr after plating, the medium was changed, washingCellaway nonadhered cells or neurospheres; the remaining attached cells or
neurospheres were counted.
In Vivo Blocking of a6 Integrin-Laminin Binding
Micro-osmoticpumps (model1007DAlzet)werepreloadedwithGoH3antibody
or Rat IgG control at 4 mg/ml in artificial CSF and implanted into adult female
SwissWebster mice anesthetized with 3% isoflurane. The cannula was stereo-
tactically inserted into the lateral ventricle at 0.85 mm medial of bregma. After
6 days of infusion, mice were injected intraperitoneally (100 mg/kg) with EdU
(Invitrogen) (10 mg/ml solution), an alternative to BrdU, 1 hr before sacrifice.
TheSVZwholemountsweredissected, andEdU labeling forSphasecellswas
detected using the Click-it Kit (Invitrogen) and stained for laminin and DAPI.
EdU+ cells in the dorsal SVZ were counted in low-power images, and distance
of EdU+ cells to blood vessels was quantified in high-power confocal images.
SUPPLEMENTAL DATA
The Supplemental Data include Supplemental Experimental Procedures, three
figures, and one movie and can be found with this article online at http://www.
cellstemcell.com/cgi/content/full/3/3/289/DC1/.
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